Nitrogen (N) isotope ratios ( 15 N/ 14 N) provide integrative constraints on the N inventory of the modern ocean. Anaerobic ammonium oxidation (anammox), which converts ammonium and nitrite to dinitrogen gas (N 2 ) and nitrate, is an important fixed N sink in marine ecosystems. We studied the so far unknown N isotope effects of anammox in batch culture experiments. Anammox preferentially removes 14 N from the ammonium pool with an isotope effect of +23.5‰ to +29.1‰, depending on factors controlling reversibility. The N isotope effects during the conversion of nitrite to N 2 and nitrate are (i) inverse kinetic N isotope fractionation associated with the oxidation of nitrite to nitrate (−31.1 ± 3.9‰), (ii) normal kinetic N isotope fractionation during the reduction of nitrite to N 2 (+16.0 ± 4.5‰), and (iii) an equilibrium N isotope effect between nitrate and nitrite (−60.5 ± 1.0‰), induced when anammox is exposed to environmental stress, leading to the superposition of N isotope exchange effects upon kinetic N isotope fractionation. Our findings indicate that anammox may be responsible for the unresolved large N isotope offsets between nitrate and nitrite in oceanic oxygen minimum zones. Irrespective of the extent of N isotope exchange between nitrate and nitrite, N removed from the combined nitrite and nitrate (NO x ) pool is depleted in 15 N relative to NO x . This net N isotope effect by anammox is superimposed on the N isotope fractionation by the cooccurring reduction of nitrate to nitrite in suboxic waters, possibly enhancing the overall N isotope effect for N loss from oxygen minimum zones. T he nitrogen (N) isotope effect associated with N loss pathways allows the isotopic tracing of N transformations in ocean waters and provides critical constraints on the global marine N budget (1-5). Culture studies have shown that heterotrophic denitrification exhibits a large N isotope effect (e)* of up to +30‰ (6-9). For decades, heterotrophic denitrification was the only known N loss pathway in the ocean (10). Consequently, strong enrichment of 15 N in residual nitrite and nitrate (NO x ) from oxygen-deficient waters, as for example in the Eastern Tropical North Pacific and the Arabian Sea, was fully attributed to water column denitrification with an N isotope effect around +25‰ (2, 11). Recent studies have highlighted the significance of anaerobic ammonium oxidation (anammox) for regional N fluxes (12, 13), with possible ramifications regarding the global N balance (14, 15). However, N isotope effects associated with the anammox metabolism were unknown and therefore their potential impacts on the distribution of oceanic N isotopes could not be addressed. This lack of knowledge severely hampers the N-isotope-based assessment of the relative importance of watercolumn N loss compared with sedimentary N loss, the most poorly constrained flux in the marine combined nitrogen budget (16).
N from the ammonium pool with an isotope effect of +23.5‰ to +29.1‰, depending on factors controlling reversibility. The N isotope effects during the conversion of nitrite to N 2 and nitrate are (i) inverse kinetic N isotope fractionation associated with the oxidation of nitrite to nitrate (−31.1 ± 3.9‰), (ii) normal kinetic N isotope fractionation during the reduction of nitrite to N 2 (+16.0 ± 4.5‰), and (iii) an equilibrium N isotope effect between nitrate and nitrite (−60.5 ± 1.0‰), induced when anammox is exposed to environmental stress, leading to the superposition of N isotope exchange effects upon kinetic N isotope fractionation. Our findings indicate that anammox may be responsible for the unresolved large N isotope offsets between nitrate and nitrite in oceanic oxygen minimum zones. Irrespective of the extent of N isotope exchange between nitrate and nitrite, N removed from the combined nitrite and nitrate (NO x ) pool is depleted in 15 N relative to NO x . This net N isotope effect by anammox is superimposed on the N isotope fractionation by the cooccurring reduction of nitrate to nitrite in suboxic waters, possibly enhancing the overall N isotope effect for N loss from oxygen minimum zones. T he nitrogen (N) isotope effect associated with N loss pathways allows the isotopic tracing of N transformations in ocean waters and provides critical constraints on the global marine N budget (1) (2) (3) (4) (5) . Culture studies have shown that heterotrophic denitrification exhibits a large N isotope effect (e)* of up to +30‰ (6-9). For decades, heterotrophic denitrification was the only known N loss pathway in the ocean (10) . Consequently, strong enrichment of 15 N in residual nitrite and nitrate (NO x ) from oxygen-deficient waters, as for example in the Eastern Tropical North Pacific and the Arabian Sea, was fully attributed to water column denitrification with an N isotope effect around +25‰ (2, 11) . Recent studies have highlighted the significance of anaerobic ammonium oxidation (anammox) for regional N fluxes (12, 13) , with possible ramifications regarding the global N balance (14, 15) . However, N isotope effects associated with the anammox metabolism were unknown and therefore their potential impacts on the distribution of oceanic N isotopes could not be addressed. This lack of knowledge severely hampers the N-isotope-based assessment of the relative importance of watercolumn N loss compared with sedimentary N loss, the most poorly constrained flux in the marine combined nitrogen budget (16) .
Results
We used the only available highly enriched (>98%) culture of anammox single cells (Kuenenia stuttgartiensis) (17, 18) to investigate N isotope ratio changes in ammonium, nitrite, nitrate, and NO x during the anammox reaction in four sampling campaigns (C1-C4).
The anaerobic oxidation of ammonium with nitrite to N 2 followed the previously observed stoichiometry (19) mol nitrite is reduced, and 1.0 mol N 2 gas is produced along with ∼0.3 mol nitrate (Fig. 1A, Figs . S1 and S2, and Table S1 ). The equation as written is unbalanced with regard to the transfer of electrons. The excess production of nitrate is balanced by the reduction of inorganic carbon during production of biomass (19 
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Nitrogen is essential for all organisms and limits primary production in the ocean. It is mainly lost from low-oxygen environments by the activity of microorganisms that convert fixed nitrogen to N 2 gas. The isotopic composition of nitrogen species can be used to assess nitrogen sinks in the environment, but its use in biogeochemical studies can be fully exploited only if the isotope discrimination that is associated with the respective nitrogen-converting pathways is known. This study reveals the wide range of nitrogen isotope effects of anaerobic oxidation of ammonium (anammox), a major player in marine fixed nitrogen loss, reconciling experimental data with nitrogen isotope signatures observed in the ocean. To whom correspondence should be addressed. E-mail: benobru@gmail.com. Rayleigh distillation dynamics in a closed system, we determined a kinetic N isotope effect for the conversion of ammonium to N 2 (e NH4 + →N2 ) of +23.5 ± 0.6‰ for sampling campaign C1 and +29.1 ± 0.7‰ for C3 (Fig. S3) . These values fall within the range of the N isotope effects associated with bacterial nitrification (14-38‰) (7, 8, 21, 22) . The difference in e NH4 + →N2 between the campaigns is attributable to factors controlling the reversibility of anammox (Discussion).
Incubation experiments with 15 N-labeled nitrate and nitrite revealed that anammox mediates N isotope exchange between nitrate and nitrite during the initiation of the experiments (Fig.  2) . In this early phase, the gross N isotope exchange flux between nitrate and nitrite was approximately six to eight times larger than the nitrite consumption rate, whereas during later stages, transfer of 15 N isotope label from nitrate to nitrite pool was negligible (Fig. S4) . Based on the observation that anammox can catalyze N isotope exchange between nitrite and nitrate, a process that does not occur spontaneously in aqueous solutions but has to be biologically mediated, it must be expected that their respective changes in N isotope composition disobey typical Rayleigh distillation kinetics during the course of the experiments. Rapid isotope exchange between chemical species induces an equilibrium The NO x N isotope fractionation is influenced by isotope exchange between nitrite and nitrate (gray area), which is superimposed on kinetic isotope effects (Exp. C 3 _a). The x-axis labels f NO2 − and f NH4 + refer to the fraction of remaining nitrite and ammonium, respectively. Symbols represent data, lines are modeled trends, and the concentration and isotope composition of N 2 was calculated from NO x . isotope fractionation that leads to enrichment of the heavy isotopes in the more stable component (23, 24) . The equilibrium N isotope effect for the nitrite/nitrate couple in aqueous solutions (e NO2 − ↔NO3 − ) is expected to be in the range of −56.6‰ to −81‰, based on calculations from the molecular vibration frequencies for nitrite and nitrate (25) (26) (27) .
Indeed, our natural abundance isotope experiments provide evidence for N isotope exchange between nitrate and nitrite, with marked N isotopic offsets between nitrate and nitrite. However, we observed discrepancies between sampling campaigns, despite apparently identical experimental conditions. The results from campaigns C2 and C3 revealed variable 15 N enrichment in the nitrate pool at the beginning of the anammox experiments, indicating a variable degree of N isotope exchange between nitrate and nitrite (Fig. 1C, Fig. S5 , and Table S2 ). After this initial stage, isotope exchange between nitrate and nitrite apparently ceased, and the N isotope composition of nitrate and nitrite displayed a pattern that was more consistent with known isotope reservoir effects; that is, both nitrite and nitrate (although less so) became progressively enriched in 15 N. Thus, the natural abundance stable N isotope trends confirmed the observations made during the 15 N isotope labeling experiments, where N isotope exchange between nitrate and nitrite ceased shortly after the initiation of the experiment. Using a numerical model that considers the relative fluxes (for both (Fig. 1C and Fig. S5 ). During the main course of the experiments, i.e., after N isotope exchange between nitrite and nitrate became negligible, the values for the kinetic N isotope effects could be determined from measured data, using a Rayleigh approach. With this approach (SI Text and Table S3 ) similar to the model fitting, indicating that the model-based estimates for the kinetic nitrite N isotope fractionation during anammox are robust.
For campaign C1, there is evidence that N isotope exchange between nitrate and nitrite persisted throughout the experiments and/or continued after sampling. Unlike for C2 and C3, we observed a continuous decrease in the δ 15 N of nitrite, from −35‰ to −55‰, with a nearly constant offset of 60‰ relative to the δ 15 N of produced nitrate (Fig. S5 ). These trends were consistent with a scenario where equilibrium N isotope exchange maintained the N isotope mass balance of NO x by keeping nitrate enriched in 15 N relative to nitrite (e NO2 − ↔NO3 − = −60.5 ± 1‰; SI Text) to the effect that the N isotope composition of the shrinking nitrite pool was pushed toward lower δ 15 NO 2 − values. Although N isotope exchange between nitrate and nitrite was mediated by anammox bacteria, it is not clear whether this exchange was the direct result of the activity of intact cells or whether there was a contribution from the activity of the extracellular enzymes. Therefore, we tested whether N isotope exchange between nitrite and nitrate could be induced during sample preparation. Different sampling techniques (poisoning with mercuric chloride, filtration of samples, and French press) with subsequent exposure of the treated sample to a medium containing 15 N nitrate and nonlabeled nitrite revealed that cellfree samples derived from anammox cultures mediate N isotope exchange between nitrate and nitrite, with lowest exchange for intact cells that were poisoned with mercuric chloride (5%) and highest exchange (44%) for samples that were treated with a French press (C4; SI Text and Table S4 ). This shows that in N isotope studies, care must be taken in experimental procedures to minimize lysis of cells, which could cause sampling artifacts and highlights the necessity of using time series in labeling experiments taking transient N isotope effects into account.
Discussion
Anammox induces several N isotope effects, which include preferential removal of 14 N from the ammonium and nitrite pools during the formation of N 2 , as well as the preferential removal of 15 N from the nitrite pool during oxidation to nitrate. These N isotope effects can overlap with an N isotope equilibrium effect between the nitrite and nitrate pools (Fig. 3) . In the following, we discuss these isotope effects in more detail and highlight the consequences for N isotope studies of natural environments. 18, 28, 29) . Hydrazine synthesis, which involves a three-electron reduction, is likely the ratelimiting step in this reaction sequence (18, 29) , which implies that no N isotope effect related to the consumption of hydrazine is expressed. In our experiments, the breaking of the two N-O bonds of nitrite yielded a smaller isotope effect (e NO2 − →N2 = +16.0 ± 4.5‰) than the breaking of the four N-H bonds of ammonium (e NH4 + →N2 of +23.5 ± 0.6‰ for C3 and +29.1 ± 0.7‰ for C1). The different values for e NH4 + →N2 for different sampling campaigns suggest that the expression of the enzyme-level N isotope effect of ammonium oxidation could vary as a function of the reversibility of the metabolic reaction steps in the conversion of ammonium to N 2 . A higher reversibility, i.e., a larger e NH4 + →N2 in C1 than in C3, implies that hydrazine formation was more rate limiting in C1, which could be the case if nitric oxide supply limited hydrazine formation in C1.
The N isotope fractionation during the conversion of ammonium to N 2 by anammox falls in the range of N isotope effects reported for bacterial nitrification (14.2-38.2‰) (7, 8, 21, 22) . In the environment, these N isotope effects are expressed only when ammonium is not limiting, like in sediments and in the close vicinity of sinking aggregates (30) (31) (32) .
Isotope Effects Between Nitrite and Nitrate. In biological processes, true inverse kinetic isotope effects are extremely rare. Often, apparent inverse isotope effects can be explained as a result of a "hidden" equilibrium isotope effect (27, 33) . Our observation of an inverse kinetic isotope effect for the oxidation of nitrite to nitrate by anammox is interesting because K. stuttgartiensis possesses enzymes that are highly similar to the ones of nitrite-oxidizing bacteria, where they function in the oxidation of nitrite (28, 29, 34) . Nitrite-oxidizing bacteria have been shown to express inverse kinetic N isotope effects, which can be attributed to an inverse kinetic effect and reversibility of the nitrite oxidation at the enzyme level (27, 35) . However, the e NO2 − →NO3 − for anammox determined from C2 and C3 (−31.1 ± 3.9‰) exceeds the range of N isotope effects thus far observed for nitrite-oxidizing bacteria (between −9.1‰ and −20.6‰) (31) . Increased reversibility of enzymatic pathways and efflux of substrates from the cells lead to a stronger expression of enzyme-level kinetic isotope effects (e.g., 20, 36) . Hence, the more pronounced inverse N isotope fractionation in our anammox experiments compared with previous work on nitrite-oxidizing bacteria (35) suggests that some enzymatic reaction steps involved in the oxidation of nitrite to nitrate by anammox are more reversible than nitrite oxidation by aerobic nitrite oxidizers. This finding is corroborated by the fact that anammox is capable of reducing nitrate (37) , which shows that anammox can reverse nitrate production. Moreover, reversibility of an entire multistep biochemical pathway can lead to isotope exchange between reactant and product and, in an extreme scenario, to equilibrium isotope fractionation (38) .
It is evident that N isotope exchange between nitrate and nitrite occurred at least in the initial stage of our experiments C2 and C3 and maybe throughout experiment C1. With an depletion of nitrite in 15 N relative to nitrate of −60.5 ± 1‰ (based on C1; SI Text), the equilibrium isotope effect reported here is remarkably close to the most recent estimate for e NO2 −
↔NO3
− based on calculations from the molecular vibration frequencies for nitrite and nitrate of −56.6‰ (27) . Our finding that some N isotope exchange between nitrate and nitrite can also occur in cell-free sample extracts derived from anammox cultures indicates that cell lysis could be a cause for the observed isotope exchange. However, the fact that we did not observe any N isotope exchange for the major part of the experiments during C2 and C3 indicates that our sampling approach was not prone to yield artifacts due to cell lysis. Instead, we attribute the N isotope exchange in C1, C2, and C3 to environmental stress to which the cultures were exposed during the experiment before sampling (SI Text). Such stress could include the exposure to oxygen and centrifugation, which occurred at the initiation of new experimental campaigns. We hypothesize that the bacteria in C1 must have been exposed to additional stress factors that were not identified at the time the experiments were carried out. These factors could include agitation, age of the culture, or recent exponential growth, stress factors that have recently been identified to impact the isotope effect during denitrification (39) . In C1, such stress factors may not only have had an impact on the N isotope effects between nitrite and nitrate, but also have affected the N isotope effect of ammonium oxidation. Anammox may couple the oxidation of nitrite to nitrate to the reduction of nitrite to nitric oxide (29) , and a sluggish nitrite oxidation (high reversibility) would diminish production of nitric oxide, rendering the ammonium consumption more reversible as well, which could explain the higher e NH4 + →N2 for C1 compared with C3. Although N isotope effects associated with the conversion of nitrite into N 2 and nitrate by anammox do not strongly differ from the range of N isotope effects reported for nitrite reduction by canonical denitrification (+5‰ to +25‰) (27, 40) and nitrite oxidation (−9‰ to −21‰) (35), respectively, they are unique. Whereas the N isotope effects of nitrite reduction by denitrifiers and nitrite oxidizers are not expressed when nitrite concentrations are limiting, the anammox nitrite isotope effects are likely to be manifested in the environment even under nitrite-depleted conditions because anammox partitions N from nitrite into 15 N-enriched nitrate and 15 N-depleted N 2 pools.
Consequences for N Isotope Studies of Natural Environments. For N isotope budget considerations, it is crucial to know the N isotope fractionation between the total fixed inorganic N pool (NH 4 + + NO 3 − + NO 2 − ) and the N 2 gas that is lost from marine oxygen-deficient waters and sediments to the atmosphere. Previous field-based assessments of this net N isotope effect yielded values of 20-30‰ (2, 11). These estimates are based on profiles of the N isotope composition of nitrate in oxygen minimum zones (OMZs), where the ratio between nitrate and phosphate concentration is taken as a measure for nitrate consumption coupled to the mineralization of organic matter. However, this approach does not differentiate between the processes responsible for the loss of fixed N (i.e., denitrification and anammox) or between the mechanisms that directly or indirectly affect the N isotope composition of the newly formed N 2 gas (i.e., nitrate reduction, nitrite reduction, nitrite oxidation and ammonium oxidation) even though this information is essential for the assessment of how future changes in the extent and structure of OMZs (i.e., expansion and intensification) affect the loss of fixed N from the ocean.
Assessing the overall N isotope effect (e DIN→N 2 ) by anammox is intricate, because e DIN→N 2 depends not only on the relative pool sizes of ammonium, nitrate, and nitrite, respectively, but also on the N isotope differences between ambient nitrate and nitrite (Δδ 15 
, which, as this study shows, likely depend on the mode of function of anammox bacteria. Nevertheless, it is possible to draw conclusions with respect to the potential influence of anammox on the overall N isotope effect between total fixed N and N 2 gas. For the anammox N isotope effects to be fully expressed in the environment, both ammonium and nitrite have to be in excess, conditions that hardly persist in the ocean. For example, water-column ammonium concentrations in the interior of OMZs are generally at or below detection, indicating that ammonium supply from the degradation of organic matter is limited (32), whereas nitrite can be replete. On the other hand, anammox bacteria living in sediments and associated with sinking aggregates (30-32) may experience limitation with respect to nitrate/nitrite, resulting in a suppressed N isotope effect for benthic NO x conversion to N 2 (41, 42) . In sediments and aggregates, ammonium is rarely limiting, allowing the N isotope effect of ammonium oxidation to N 2 (e NH4 + →N2 ) by anammox to be expressed.
The anammox NO x isotope effects we report here provide the missing pieces for the interpretation of N isotope signatures of NO x and N 2 in the ocean water column. Although anammox bacteria may have the capacity to reduce nitrate, they probably mainly rely on nitrite produced by other co-occurring microorganisms. As a consequence, the N isotope effects of nitrite consumption by anammox could be superimposed on isotope effects by denitrification. Even if nitrite was completely consumed, anammox could still have a significant impact on the net isotope effect for N loss due to the simultaneous preferential return of 15 N to the nitrate pool and the corresponding reduction of 15 N-depleted nitrite to N 2 . Hence, we argue that with regard to NO x consumption in the environment, anammox could even act to enhance the net isotope effect of N loss due to canonical denitrification. A similar amplification of the N isotope effect would be expected for nitrite oxidation by nitrite oxidizers; however-and unlike for anammox-this effect is expressed only if nitrite consumption is not quantitative, i.e., only if isotopically altered nitrite is simultaneously converted to N 2 by anammox or classical dentrification. These considerations shed unique light on the finding that N isotope effects by denitrification under common environmental conditions in the ocean are likely to be smaller than the 20-30‰ attributed to water-column N loss, namely around 16‰ (39) . Anammox and possibly aerobic nitrite oxidation could help to reconcile the apparent discrepancy between these recent N isotope effect estimates and the larger values from field observations in OMZs (43) (44), where aerobic nitrite oxidation is unlikely to occur. In this context, our observation that anammox catalyzed isotope exchange between nitrate and nitrite when exposed to environmental stress is highly relevant, as it implies that anammox may even-or especially-cause large N isotope offsets between nitrate and nitrite while exhibiting low net activity.
Most intriguingly, our results show that N isotope fractionation by a single anammox strain covers the entire variability of N isotope fractionations observed in natural environments. The N isotope effects by anammox play an important, but as yet neglected, role in global N isotope budgets. The observed 15 N enrichment of nitrate (by >10‰) in oceanic OMZ waters and concomitant 15 N depletion in ambient dissolved N 2 (by up to −0.6‰) can also be explained by anammox and not only by N isotope effects related to heterotrophic denitrification in the water column. Moreover, the combination of anammox N isotope fractionation and N isotope effects for the reduction of nitrate to nitrite by co-occurring microorganisms like canonical denitrifiers may amplify the overall N isotope effect for N loss from OMZs.
Methods
Incubation Experiments. Cultivation of anammox organisms is challenging, and biomass is available only in limited amounts. Therefore, experiments had to be carried out in four campaigns (C1, C2, C3, and C4), which were separated from each other by several months. In C1, C2, and C3 replicate experiments (designated as C i _a, and C i _b, i = 1. . .3) were performed to determine natural abundance N isotope effects. In C3, additional experiments (C 3 _c, C 3 _d) were devoted to the determination of N flux rates by 15 N labeling. During C4, seven experiments (C 4 _a to C 4 _g) were carried out to investigate the impact of different sampling protocols on anammox-mediated nitrogen isotope exchange between nitrate and nitrite.
One-liter cultures of K. stuttgartiensis (∼10 8 cells·mL −1 ) were harvested by centrifugation at 8,000 × g for 12 min, washed, and resuspended in 1 L medium with a fixed amount of nitrite (∼1.5 mmol·L − 1 ). In the case of experiments with 15 N isotope labels, the centrifugation step was omitted.
The batch cultures were flushed with an Ar:CO 2 gas mixture (95:5, vol/vol), incubated at 31°C, and shaken continuously with a shaking incubator at 125 rpm for the duration of the experiments (up to 2.5 h). The initial ammonium concentrations were between 1.5 mM and 2 mM (Fig. S5) 20) . At the current state of knowledge, the actual anammox reaction network is not fully constrained, nor is the reversibility of the involved individual enzymatic steps. For the assessment and modeling of the anammox N isotope effects, it is therefore necessary to consider a simplified reaction scheme, where N isotope effects are designated to the respective net process, which are attributed to fluxes in isotope mass balance equations (Fig.  S1 ). We used mass balance calculations to investigate the stoichiometry of the anammox reaction (SI Text); iterative, numerical isotope mass balance models to determine isotope label transfer (SI Text); and the evolution of the natural abundance isotope signature of N pools (SI Text), as well as analytical approaches to determine ammonium and nitrite isotope fractionation factors (SI Text).
